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ABSTRACT 



A study has been made of the mechanics leading to a geometric 
peak In the neutron yield curve of endoergic (p,n) reactions. 

Theoretical expressions have been derived for the neutron yield 
as a function of proton energy and counter position for the case of a 
raonoergic proton beam, assuming isotropic emission of neutrons in the 
center-of-raaas system and neglecting proton straggling nithin the tar- 
get. The derivative of the theoretical yield curve is evaluated at 
the peak position to get an equation for target thickness in terms of 
peak position, counter position, and reaction threshold. These re- 
sults are applied to the IA(p,n) reaction. 

The effects of proton straggling and spread in the proton beam 
energy are then considered, and a method given to obtain an approxi- 
mation to target thickness ehore these effects must be taken into ac- 
count as is the case for very thin targets. 
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I. INTRODUCTION 



The IA(p,n) reaction has long been a source of neutrons for 
experimental work. In many experiments where it is necessary to know 
the energy resolution of the neutrons, target thickness is the main 
factor contributing to this resolution, and it becomes imperative to 
know the value of target thickness within reasonable limits. In other 
experiments the neutron energy resolution way be due primarily to 
other effects, ouch as energy spread of the incident proton beam or 
the geometry of the experiment} since the neutron energy has an angu- 
lar dependence, the finite si*e of materials (scatterers, absorbers, 
and so forth) introduces a neutron energy spread. For those experi- 
ments that fall in the latter category, as is probable when using 
very thin targets, an accurate determination of target thickness is 
not important from the viewpoint of determining the neutron energy 
resolution. However, even here, other considerations my require 
that target thickness be accurately determined. 

There are mry articles in the literature dealing with endo- 
ergie reactions in general and the Li(p,n) reaction in particular, 
noteworthy among which is the work of Hansen, Taschek, and Williams*. 
As a result of their work, they observed that by using a conventional 
8-inch long counter for neutron detection, located 1 meter from the 
target along the beam axis, the difference between the proton energy 
at the geometric peak and at threshold was a good approximation of 
target thickness. This method of determining target thickness is 



commonly vised and is referred to as the H rise M msthod. They also 
discussed the use of a calibrated counter for determining the thick- 
ness of fresh lithium targets* 

In the course of certain experiments at this Laboratory, a 
question arose concerning the accuracy of the rise method of deter- 
mining target thickness, and, further, the effect of moving the coun- 
ter closer to the target in order to obtain higher counting rates* 
Tills thesis is the result of a study to answer the above questions* 
During the course of this work, it was found that target thickness 
had been determined previously*^ in at least two cases by fitting a 
theoretical yield curve to the experimental curve, but no thorough 
treatment of this method has been found* Such a method should give 
accurate results if the energy spread of the incident beam and 
straggling within the target are considered* 

It would seem, however, that this method must be tedious, 
since two parameters, target thickness and effective half-angle of 
the counter, must be adjusted by trial and error until a best fit is 
obtained over the rise portion of the geometric peak* 'Whereas the 
shape of the rise portion of the curve and the height of the peak 
depend rather strongly on the proton energy spread within the target, 
the proton energy at which the peak occurs is not strongly dependent 
on the proton energy resolution. This situation is quite similar to 
the effect of resolution on the shape of a croaa-oection resonance. 



It is because of this that the ri se method can be used for determin- 
ing the target thickness in the manner indicated in this thesis. 



bo represented as in Figure 8, Appendix A# The reaction is pic- 
tured as occurring at tho center of sphere A, the radius (V n ) rep- 
resenting the velocity of the neutron in the center-of-raes system. 

To transform to tho laboratory system, it is only necessary to add 
the velocity of the center of mss to each point on the surface of 
sphere A, thus obtaining sphere B, also of radius Vn* A vector from 
the center of sphere A to any point on the surface of sphere B rep- 
resents a particular neutron velocity (energy) in the laboratory. 
Thus, a group of neutrons appears in the laboratory with essentially 
a continuum of velocities ranging from a minimum vales (V cn - v«> 
to a maximum value (V cn + V n ), both occurring at aero degrees. 

At threshold the neutrons ars "squeezed" out of the nucleus 
with velocity (V n ) equal to zero* In this limiting case, spheres 
A and B are reduced to points, and all of the neutrons appear at 
zero degrees in the laboratory with a velocity equal to that of 
the center of mss. At a slightly higher proton energy, spheres A 
and B have a finite size as depicted in Figure 8. Here, sphere B 
defines a cone of neutrons of half -angle y. At say angle less than 
y, sphere B is intercepted in two points corresponding to two differ- 
ent neutron energies. Consequently, an element of solid angle within 
the neutron cone will intercept two groups of neutrons of different 
energies. 

Since the neutron cone is defined by the angle y for which 
the cone and sphere are tangent, it follows that the point of 
tangency corresponds to neutrons of a particular energy. 
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The cone gets larger with increasing proton energy until the 
neutron velocity in the center-of-mass system is equal to the cento r- 
of-raaso velocity, at which time tho cons has opened up to 2v s to rad tans 
so that neutrons are being emitted into the entire forward hemisphere 
in the laboratory* The proton energy at which this occurs is desig- 
nated Zjj and at this energy the lower-energy neutron group disappears. 
With any further increase of proton energy above Ej,, neutrons are 
emitted throughout the entire lit? ste radians of the laboratory* 

With the long counter placed with its axis along the beam axis, 
the fraction (0) of neutrons emitted from thickness dE which enters 
the counter depends on the size of the neutron cor# and the half- 
angle (©) which the counter subtends at the target* If E c is defined 
as that proton energy at which the neutron cons is equal to the cone 
subtended by tho counter, then the fraction (G) has the following 
values (Appendix A) i 



(3a) - 1 



E < E„ 



(3b) Oj - 1 - kCLr.-b.) 1 / 2 



V< s < E i 




) iy 5 • 




where 



k * (1 - sin 2 ©) 1 /' 2 co3 © » (-~^-) 1 / 2 




cos © 
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and *2^2, 3, U arB cesses of the projectile particle, target 
nucleus, resultant particle, and product nucleus, respectively. 



ni. CHOGS SKCTICM 



Fro* theoretical considerations. It is shown! 1 that, far a 
reutron emitted with angular momentum 2 , the cross section at 
energies just above threshold is given byt 

(U) eg (ft,n) - const E n "^ * 1/£ 

where "a" is the charged particle inducing the reaction, and E n is 
the nexxtron energy in the center-of-mss system. Because of the high 
centrifugal barrier in the region just above threshold for neutrons 
with angular momentum other than zero'*, the contribution to the yield 
from such neutrons will be small commred with that from neutrons 
having zero angular momentum, hence no centrifugal barrier. 

Since the threshold neutrons mostly have • 0, 

(?) or (a,n) » const “ const V n , 

In Appendix A, it Is shown that the neutron velocity in the 
center-of-nass system is given byt 

V n * const (E - Ej) 1 / 2 

where Ey is the threshold energy and E the instantaneous energy of 
the incident particle. Then the cross erection <r maybe written* 

C(E - Bj)^ where C is a constant. 
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iv. counter cEicrrivrry 

The 8-inch long counter^ Is the result of several attempts 
to find an arrangement of paraffin sinu*ounding a boron detector such 
that the number of boron disintegratione is nroportional to the num- 
ber of primaxy-source neutrons and independent of their energies over 
a wide range. This counter consists of a oaraffin cylinder 12 inches 
in length and 8 inches in diameter. Along its axis is a BFj propor- 
tional counter 1 inch in disaster and 8 inches in active length is 
embedded. It protrudes slightly over the front face of the paraffin 
but is protected from direct thermal neutrons by a cadmium shield. 

An aluminum tube shields the counter electrically. For insulation, 
the space between the counter wall and the shield is filled with 
cere sin wax. The central electrode consists of a Kovar wire of 10- 
mil diameter. The counter is filled with enriched (80 porcent B^ 0 ) 
BF3 to a pressure of 25 cm fig. With -2700 volts applied to the wall 
a gas multiplication of about 10 is obtained. With the source of 
neutrons placed on the counter axis one neter from the face, a flat 
response is obtained in the region from about 0.5 to 3*0 Ifev. The 
performance of the counter my be explained qualitatively as follows. 

The length of the counter is many times greater than the mean 
free path of any neutrons to be detected. Neutrals entering the 
paraffin are degraded to thermal energies and diffuse into the detec- 
tor where they give rise to B(n,a) reactions. Because of the large 
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croas section, the counting rato is determined essentially by the 
flux of thermal neutrons. For an infinitely large slab of paraffin, 
the efficiency would Increase with increasing neutron energy, since 
low-energy neutrons penetrate only a short distance into the paraffin 
before being thermlised. Therefore, the low-energy neutrons have a 
bettor chance of escaping through the front face (instead of passing 
through the detector) than neutrons that were originally of higher 
energy and are the realized at a greater distance from the front face. 
There are two reasons for this. At higher energies, more collisions 
are required for thermalieation, and the collision cross section is 
smaller than at low energies. In order to minimize the dependence 
of the efficiency on the energy, the dimensions of the paraffin 
must be such that the thermalized fast neutrons have an increased 
chance to escape from the paraffin. 

The probability that a neutron striking a long counter will 
be counted is a function of its energy and direction, and the dis- 
tance from the counter axis at which it strikes. The conventional 
8-inch long counter has been designed to give a flat response in the 
region from about 0.5 to 3 Mev, for a uniform distribution over the 
face of the counter. The situation is somewhat different in this 
problem as the neutrons are emitted in a cone of varying solid angle 
within which the energy distribution is not uniform. Chly after the 
cone has opened up to Utt steradians is the distribution approximately 
uniform over the counter face, but the forward direction is still 



favored 



A theoretical calculation of counter sensitivity would be 
very difficult, if not inpossible# It seems that the best solution 
to the problem is to consider counter sensitivity as being constant, 
and to use a counter which is modified to beat satisfy this assumption 
consistent with reasonable yield# 

For proton energies up to h 0 kov above threshold, neutron 
energies will range from a few kov to about 120 kev. (Figure 13 
of reference 1#) For each proton energy in this range, the counter 
will intercept all of the neutrons if E <C E c or two groups, high and 
low energy, if •> V Because of the finite thickness of the target, 
both situations can occur simultaneously. The net result is that 
neutrons of various energies are incident upon the counter for any 
proton energy# 

The experimental sensitivity curves of Hanson and McKibben^ 
shoe that a 6-inch paraffin diameter gives a flatter response than the 
conventional 8-inch counter for neutrons in the energy range from ther- 
mal to a few hundred kev# This is explained by the fact that the sen- 
sitivity of the counter to high-energy neutrons is decreased because 
of the snaller rass of paraffin, and the sensitivity to low-energy 
neutrons is therefore relatively high# It nay be inferred that a 
paraffin diameter lass than 6 inches will give a still flatter re- 
sponse over the energy range of interest# Snowden and ^hitehead^ 
have used a h— inch paraffin diameter in their work of fitting a theo- 
retical yield curve to the experimental yield curve# 
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7 6 

R. A. Nobles et al have modified the shielded long counter 

by employing a BFj counter of larger diameter n laced slightly farther 

forward in the paraffin aodemtor. Whereas the conventional shielded 

long counter shews a 10 percent drop in efficiency at 25 kev compared 

to the flat response region, it is claimed for the modified counter 

that no decrease in efficiency has occurred at 25 lcav* 

In the design of the optimum counter, another factor must be 

considered* Those neutrons which strike near the outer periphery of 

the paraffin have a velocity which is at an angle with respect to 

the counter axis* This may be represented as follows i 




These neutrons have a higher probability of escaping from the 
counter because of the smaller amount of paraffin in the direction of 
their motion* The result is that the counter will have an effective 
half -angle (%gf) les3 than its true half-angle (0). This effect is 
increased as the counter is moved closer to the target* It seems that 
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the usa of a truncatod cone of paraffin as employed by Bonner and 
Butler^ would reduce this effect. However, for optimum results, 
this would donand a separate truncated cone for each position of 
the counter. ’Sven then, one could not expect the Ion 3 of counts to 
occur sharply at E a E c . Possibly the best practical counter would 
be one having a truncated cone corresponding to the average position 
at which the counter is expected to be used. 

The benefits of such an optixwn design my not be sufficient 
to offset the advantage of using the conventional counter. In either 
case, it will be necessary to know the effective half-angle of the 
counter for various counter positions. 



V. KEUTROK YI2ID 



1/2 

Letting € • constant and cr*C(E-Ey) In 
Tilth the foregoing discussions, equation (2) bee Qiaos t 



in accordance 



(7) 




G (E ~ K^) 1 / 2 dE 



e 0 -^£ 



vrhere Z s If n f f C ** a constant, and AS « target thickness. 

Equations (3a,b,c) indicate that the form of the analytical 
expression defining G depends on the value of E at the point in 
question. This causes the integral of equation (7) to break up 
into two integrals if at any point within the target the proton energy 
has the value E c or Ej> In order to evaluate equation (7) over tits 
yield curve from threshold to a point beyond the geountric peak, it 
is necessary to knew the sequence of E values. Only then can the 
proper G value and the limits of integration be correctly selected. 

Of the five possible sequences of B values discussed in Appendix B, 
it is there shewn that only the following two sequences can occur for 
counter half-angles less than 30 degrees and target thicknesses less 
than 30 fcev. (These two sequences are arranged in order of increasing 
E and will hereafter be referred to as cases I and II) j 
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E t «• AE 
E c + AE 
Et 



Ej ♦ AS 



II 



&l 



E«ji + AE 



E, 



S c ♦ AE 



Ei 



Ej ♦ AE 



For target thicknessa3 up to (E^ - Ej)/2 (19*05 kev for 
lithium), case I Kill occur for E c <C (Ef * AE) and case II for 
E c > (Dp + AE)* Only case I can occur for 



(— ™) < AE < (E L - E c ) 



which for lithium las 19*85 kev < AE ^ 30 kev* 

These two sequences nay be illustrated in a typical situation 
as follows t 



(croton energy values) 



Ec! E i 





As the croton energy scales nova to the right relative to tho 
target of thickness AE, they indicate the manner in which the various 
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lrrfco prala arise rhen integrating: over the yield curve . Expressing 
this mathematically, equation (7) takes the form: 



Case It 



Va/Z equals 

■ ic 



(8a) 



(8b) 






■ E, 



Erp 



O^cr dE 



h < E 0 < t, 



cr* d2 + 



Og 0“ dS . E_ ^ E ft { Enr + AS 



. E/ 



(8c) j % W • • / O2 <T dE . . Ey+AE < E 0 < Ec^E 

E 0 -&E 






( 8 d) J 02 <T dS 

Eo*~dE 



E e «K <•£„<• K l 



(80) 



O2 cr dS + 



el 

E 0 -^E 

, K o 

( 3 f) J O 3 cr dE 



Er 



O 3 cr dE . . E l <E 0 <E t +AS 



E, 



E o > E L +iE 
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Case III Nc/Z equals 



(9a) 



/ K o 

/ G x cr dE 
Et 



Kj ( Eq ^ Erp^^E 



E, 



(9b) 



Gj. <r ds 



E 0 -AE 




E T 4AE<E 0 < e c 



E c < E 0 <E C 4AE 



(9d,e # f) These are identical to ( 8 d,e,f), respectively. 

It is seen from equations (3a,b,c) that G cr has the 

values* 

G 1 cr - (E - E ^.) 1 / 2 

G 2 cr - (E - E?) 1 / 2 - k(E - E ,) 1 / 2 - 0 X cr - k(E - E c ) x /2 

O 3 cr - 1/2 (E - Eiji )^"/ 2 - k(E - E C ) X / 2 b E X ^ 

- 1/2 G 2 <T + b E 1 / 2 

Substituting these expressions for Gi 2 q *** in equations 
( 8 ) and ( 9 ) gives* 
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Case It Hc/Z equals 



(10a) 




(E - Ex) 



1/2 



dS 



Et<E 0 < e 0 



* 1 / 2 . 



f*° 

- k / (E - 



, 1 / 2 , 



(10 b) / (E - E T ) J,/fc dE - k / (E - E c ) 7 dE . E c / E 0 < E T +AE 

% E c 



• E o - E 0 

(10c) / (E - E T ) 1 / 2 dE - k [ (E - E^J^dE . %+AE < E Q < E C +AE 
E 0 -AS E c 



A" 0 •, 7 

(10d) J [& -Ej) 1 ^ — k(E S e ) l/2 J dE . . . . 

E 0 ^AE 



E c «iE ^E 0 < E L 



v 0 - 



//* — IcfE — E_ l 1 / 2 



(10e) / j^(E - Ejr /e -k(E -E C ) J 
E»q w AE 



’] dE - 1/2 / [(E - 



%) 



1/2 



-k(E - Eq) 1 ^ - b E 1/2 J dE . . . 



E 0 

(10f ) 1/2^ [(E - Ex) 1/2 -k(E - Eg) 1 / 2 ♦ b E 1/2 ] 

E 0 *-AE 



E L< E o< E I«* 
dE E 0 > Ej+AE 



IN* * 









•.»' y-*« \ <«»i 



y«i »**y» . r '•‘■ y*® V 






V<tf) 



!*>•» 



. , . . a [* V - <««. S^. q"\ 






.* >«• >»* 

■< 



. • L’ N • "S#t * 



«I *V"i . . - iuJ' ifB- >| l«U> 



-19- 



Case IT * Nc/Z equals 

/ E ° 

(11a) J (E - E-p) 1 / 2 dE Er <E 0 < Et+AE 




(E - E?) 1 / 2 



dE 



Bp+AE < E 0 < E c 



E, 



Er 



(lie) / (E - SO 1 / 2 dE - k I ® s 1 / 2 



(E - E^) ' dE . E 0 <E 0 < E C +AE 



E 0 -AE 



(Ud,e,f) These are identical to (10d,e,f), respectively. 

Integration of equations (10) and (11) give tbs following 
expressions t 
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Case Is 3Nc/2Z sqm Is 

(12a) (E^E,,) 3 / 2 E t <E c <E o 

(12b) (E 0 - Ep) 3 / 2 - k(E 0 - Eq) 3 / 2 E c < E 0 < 



(12c) (E 0 - Sp) 3/2 - (E 0 - Ep - AE) 3 / 2 -k(E 0 - E e ) 3/2 Ep*AE < E 0 < E C *AE 

(12d) (S c - Ep) 3 / 2 - (E 0 - Ep -AE) 3 ^- k [(E 0 - E c ) 3 / 2 - (E 0 - E c - AE) 3 ^ 

e c+ ae <E 0 < e l 

(12e) 1/2 { (E 0 - Efp/2 - 2(E 0 - Ep - AE)3/2 + (E L - E T )3/2 + b(E 0 3/2- e l 3/2) 

-k[(E 0 - E c ) 3 / 2 -2(E 0 - E c - AE) 3 / 2 ♦ (E L - Ec) 3 ^E L <E 0 < E L «4E 

(12f ) 1/2 ^ (E 0 - *r) 3/2 - (E 0 - &r- AE) 3/? > b[.E 0 3 / 2 -(E 0 - AE 3/2 )] 

-k [(E 0 - Ec) 3 / 2 - (E 0 - ^ - AE) 3/2 ]|. . . . E 0 > Ej+AE 

Case III 3Kc/2Z equals 

(13a) (E 0 - Ep) 3 / 2 Ep E 0 < E +AE 

(13b) (E 0 - Sp) 3 / 2 - (B 0 - E t - AE) 3 /“ .... Ep+AE < E 0 < E c 

(13c) ^ - Ep) 3 / 2 - (E 0 - Ep - AE) 3 / 2 - k(E 0 - Eg) 3 / 2 . % < E 0 < E 0 *AE 
(13d,e,f) These arc identical to (12d,e,f), respectively. 
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These equations may be used for computing * theoretical yield 
curre. A word of caution must be injected at this point concerning 
equation (12e,f) and (13e,f). These have been derived from the 



reactions where that asauuntion is valid for the regions in question. 
The cross section for the Li(p,n) reaction, hcwever, is almost con- 
stant throu^iout portions of the regions to which these equations 
apply. This is no handicap, however, since the equations ( 12a -d ) 
and (13a-d) enable one to compute a theoretical yield curve for tar- 
get thicknesses up to 30 key which is the limit of thickness being 
considered. 
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VI. TARGET THICKNESS 

A vistial Inspection of equations (12a ,b) and (13a,b) shoes 
that the georetric peak aunt occur for? 

^136 T t ^0 ^ Ef ^ AE 

Ca s© II t Eg 

The require as nt that tho peak occur in the region defined by 
equations (12c) and (13c) for Cases I and II, respectively, is in 
either case* 

Nc(at Eq ■ Eq + AE ~G ) Ng (at E 0 » E c ♦ AE) 

where £ is an infinitosinal. 

Utilizing equation (12c) or (13c), the requirement is: 

(Ec - Et + AS - £ J 3 / 2 - (E c - Et ) 3 / 2 - k(AE ) 3 / 2 

(E c - % ♦ AE) 3/ - (Ec - Er)*^ - k(AE) 3/ ^ 

Expanding and collecting terns* 

3/2 € [(E c - Eij.) 1 / 2 - (E c • E«j» ♦ AE) 1 / 2 + k(AE) 1 / 2 ] > 0 



(E c - Sj,) 1 / 2 + k(AE )V2 (e c - Bj ♦ AE) 1 /? 
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Squaring both sides* 

k 2 ^ ♦ akfAE) 1 / 2 ^ - Ep) 1 / 2 > AE 

(I_=.i£)2 AE < E c - Bj 
2k 

ae , M g c . ,r .. M ..-.. 

k 2 + l/k 2 - 2 



Evaluation of the expression on tha right-hand side of this 
inequality (Table IX, Appendix B) for values of © between zero and 
30 degreos, shews that this inequality holds for target thicknesses 
up to about U00 kev. Thus, tha peak will occur in the regions de- 
fined by equations (12c) and (13c) for Cases I and II, respectively. 
Taking the derivative of Ne with respect to E 0 In this region and 
evaluating at the peak position* 



dN e 

dE 0 



0, where Ep is the incident particle energy at the 



peak position 
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where 



K * [(E p - Ey) 1 / 2 - k(Ep - E c ) 1//& ] 2 

■ [{Ep - ET) 1 ^ - cos O Et 1/2 <^ " D 1 ^ 2 ] 2 

The correction term (K) and the target thickness (AS) are 
evaluated in Table X for various values of the effective half-anglo 
of the counter (6 0 fj>), and the proton energy difference between the 
geometric peak and the reaction threshold (> p - Bp)« The results 
are presented as a family of curves in Figure 1* 

If one assumes that the cross section is given byt 

(15) 0 » const (■ 

Or, equally well, If one introduces the slowly varying constant 

l/g£/ 2 under the Integral sign of equations (10) and (11), than 

integration of these equations gives results that can be shown to 

2 

be identical to the expressions given by Snowden and Whitehead 
for Care Ij they have made no mention of Case II. Proceeding as 
above, the derivative in the region of the peak leads tot 
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(16) AK 



E p - E T - K 
1 - SK/fep 



££. Ep — Fiji — K 



in close agreement with equation (l!i)* This ia not surprising, since 



tively snail range of energy be inf considered. Since these results 
add nothing m7? to the results previous 3y obtained, the rather 
lengthy manipulations required for confirmation of the statements 
Just made are omitted. 

Equation (lit) reduces to the result given by F-anson, Taochok, 
and Williams 1 when 9 la small, namely* 




(17) 



AE <01 rj — & . 



»-«* 
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VII. BROTCN EHEHOI RESOLUTION 



The result arrived at In equation (Hi) is based upon the 

assumption of an incident moncrgic proton beam with no proton 

straggling within the target. The affects will now be considered 

of an initial energy spread and straggling within the target. 

The Rockefeller generator has an effective energy spread of 

about 0.07? percent with the entrance and exit slits set at 1.0 m 

width®. Several microamperes of beam current are available with this 

energy definition. Better energy resolution nay be obtained at the 

expense of beam current by using a narrower slit width. 

In order to calculate the straggling it is necessary to loiow 

the stopping power (energy loss per unit weight per unit area). 

9,10 

Bethe’s treatmnt of energy loss, based upon the Born approxi- 
mation, after correction for K shell binding, leads to the following 
equation in the ncnrelativistic case* 



*9 » charge of the incident particle 

v • velocity of the incident particle 

2 • the nuclear charge of the material 

a ■ electronic mass 

I * average excitation potential of the atom 

N ■ number of atoms per cm3 0 f the material 

Cjj * correction term to account for binding in K shell. 




where 
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This equation as it stands gives the energy loss per unit 
path length. This equation is used to obtain the stopping power 
of lithium relative to beryllium for "which the absolute value of 
stopping power is well known 10 . This immediately gives i 




(19) _ dE 




- 1.09 



where P * density, W » atomic weight, and the subscript "o M denotes 
the standard which in this case is beryllium. The calculation follows i 

RalatiTO stopping noirer - Jf 

®o/'' 0 

where B and B 0 are the quantities within the brackets of numerator 
and denominator, respectively. 



2bw 2 . (lsS)(l&2) » E P 

“ ^ h%9 



whero K and ^ are the mss and energy of the proton, resoectively. 
Taking Ep • 1900 ksv • 1.9 x 10^ ev, 

& n(5?_) - Hn 1139 - 8.32 U 

k$9 
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tn I - A 3U - 3 .S 26 
/n Io* 4 60.U - U.101 
The above I values are from Table I 4 , reference ( 9 ). 

°k ^ c k 0 " 0.k<£ (Table IN, rafererese (10)). 



Therefore, 

jl - . 0 .aws. 

B 0 16.892 - O.liOS 

Rel. St on. Per (Lt to Be) « (0.81 j35) - (0.8U85) - 1.09 

W 7 .OI 8 



Using the value lUi for the absolute stopping power of beryl- 
lium for 1900-tev protons (Table IH-7, reference (10)), one obtains 
for lithium: 



Stopping Power (Id) 



III* x 1.09 



IS? 



kev cm2 

l||l^— !■■■■ I II 

ng 



An initially homogeneous beam of protons, after passing 
through a target of thickness t will have an energy distribution 
with a standard deviatian-f 2 - given by^i 



. . . .* % 
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( 20 ) 



2 



SL 



litT gk 
M 




) t 



where M and e era the mass and charge of the proton, Z and A are the 
atofflio and mass nusfoers of the target element, respectively. The 
thickness t is in weight per unit area. 



(21) XL. - (-p_)V2 t l/2 . 0.85 (J£-) 1 'V/2 

where _ipL ^ 1 for all elements except hydrogen. 

A 

-2A-. (lithixwi) - (JL) 1 / 2 ~ 0.9?. 

A 7 

(22) JTL » 8.23 t^-/ 2 for lithium; where jtl is given in kev, and t 
is in rag/ccr. 

Since the stopping power of lithium was calculated to bo 

15'7 hev cs£ 

mg 

we nay write » 



(23) JTL - 0.6^7 (AE) 1 / 2 where si. is in kev and AF is the target 
thicknoss in kev. From this equation, the following table is 
computed: 
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'JJml 


(kev) 


2 f'ofkev) 


20 


2*9h 


6.91* 


15 


2. 51* 


5.98 


10 


2.08 


1*.90 


5 


1.1*7 


3.1*6 


l* 


1.31 


3.09 


3 


1.31* 


2.69 


2 


0.93 


2.19 


1 


0.66 


1.55 


0.5 


0.1*6 


1.08 



ilssuming a normal distribution, the half-width at half maxi- 
raxa ( Tg ) ia given by* 

fg - 1.176 A - O. 77 U (AE) 1 ^. 

The value of 2 Hs is given in the above table for ready 
comparison with the proton energy spread of the beam, which is 
about l.h key, for an 0*075 percent energy definition. 

It Is non desired to determine the minimum value of target 
thickness for which equation (Hi) my be expected to be valid when 
threshold is to be determined by extrapolating the linear portion of 
the yield curve to the axis* It is unlikely that a precise theoreti- 
cal treatment can be given. However, an approximate value for this 
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minimum thickness my bo obtained by qualitative arguments based upon 
some rather crude assumptions, in the following manner. 

The go cane trie peak is treated as a resonance peak with full 
width at half maximum of the order of l.b (E p - E>r). It is shown 
(Section 3D of reference (9)) that for a resolution equal to or loss 
than the width of half maximum of the resonance peak, tho main effect 
is to depress the peak without changing tho slope of the linear por- 
tion of tho curve* Applying this condition to the geometric peak for 
a resolution of 2 P , it follons that for 

P <0.7 AE < 0.7(Ep - %) 

extrapolation to the axis of the linear portion of tho rise curve 
should still give a good value of the reaction threshold* Although 
the peak has been depressed, there will bo no appreciable shift in 
peak position, inasmuch as the geometric peak is only slightly 
asymmetrical* Thus, the value of (Ep - Ej) obtained by extrapola- 
tion is essentially the same valua as would have been obtained with 
no resolution, end equation (lii) will be valid* 

The resolution (2 P ) used in the foregoing discussion is 
the resultant of energy spread in the bean and straggling in the 
target and will be of the order of the larger of these two reso- 
lutions, considered separately* A slightly better value is obtained 
if it is assumed that these two resolutions add as Gaussianst 
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r 2 • n . 2 * n* 

wham is the half-width at half maximum of the energy distribu- 

tion in the beam. Actually, the shape of the energy distribution in 
the beam is largely dependent upon the exit slit width of the mag- 
netic analyzer (private communication with >»• M. Preston), departing 
from an approximate Gaussian as the slit width is decreased. 

Applying the foregoing results to the specific case of a 2-kev 
target thickness and a 1-rm slit width gives j 

2r« [(2.19) 2 * (Uh)*J 1/ ^ 2 - 2.6 kev. 

Since p • 1.3 kev, the condition for validity of equation (Hi) 

I <0*7 £E becomes 

P < l.li kev, 

and this inequality holds for the conditions stated. 

The conclusion to be drawn from the foregoing is that equation 
(lh) will be valid for target thicknesses of about 2 kev minimum, when 
the threshold is determined by extrapolation and slit widths of 1 nn 
are used on the Rockefeller generator. 

For p > 0*7 (Ep - Bj) , extrapolation to the axis gives an 
apparent threshold energy &j>* which is less than Sj since the slope 
of the curve is decreased. Assuming that the peak position is not 
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shifted because of resolution, equation (lh) become t 



(25) ATS - Ep - % - K « B p - %» - K - $ % 

where & Dj Is the differcnco between the true and apparent threshold* 
This could be determined experimentally for various values of resolu- 
tion a nd target thickness. It is apparent, however, that equation (lli) 
my still be used with reasonable results if the position of E? is 
accurately known. An accurate method for determining the absolute 
valuo of % is to BKasoro the yield over the "rise* portion of the 
geometric peak of a target which is several tines thicker than the 
proton energy resolution of the beam (AE ^ 20 kav), using an effec- 
tive half-angle of the counter, such that % - Bj» r* h k»v. Equa- 
tion (13a) thon applies over the lower portion of the curve whore 
tha shape is not affected by tho relatively email resolution. 

Nc ^ (E 0 - ? T ) 3 ^ 

A plot of He'"/ 3 should thus be linear and its extrapolation to the 
axis should give an accurate valuo of Ey. Tho extreme lower portion 
of the yield curve must of course be neglected as it has been dis- 
torted by the incident proton energy spread. 
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vm. tie calibrated louq counter 

Tho use of a calibrated long counter for determining tho thick- 
ness of lithium targets is mentioned by Hanson, Taschek, and Williams^. 
Aging of the target caused by oxidation, contamination, and the like 
causes tho geometric peak to shift toward higher proton energies, 
since the total nunfoor of atoms has increased. Horevor, the yield at 
proton energies well above threshold is essentially the saws for either 
the fresh or tho aged target, since the rrardber of lithium atoms has 
not changed while tho geometric effects tend to disappear with in- 
creasing proton energy. Thin is attributed to tho fact that at pro- 
ton energies greater than H^, the neutrons are emitted more nearly 
isotropically in the laboratory, and the distribution of neutral 
energies is mart nearly uniform over the faco of tho counter. The 
change in the shape of the yield curve as a tergot ages is clearly 
shewn in Figure 17 of reference (1). 

It is important to note that target thickness as obtained by 
a calibrated counter may be usod for dstorndning the number of tar- 
get atoms for either a fresh or aged target. However, tho target 
thickness for purposes of determining the neutron resolution (arising 
from thin target thickness) can obtained with a calibrated counter 
only for a fresh targot. Conversely, the M rise M method gives target 
thickness for purposes of determining the neutron resolution (arising 
from target thickness) for both fre3h or aged targets j whereas it loads 
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to a determination of the number of target (lithiura) atone only for 
fresh targets* Hence, the necessity of using fresh targets is appar- 
ent when one desires to calibrate a counter in terns of counting 
rate per unit target thickness, if thickness is determined by the rise 
method for the purooea of calibration* 

A measurement of the thickness of a fresh target by the "rise" 
method followed by a Measurement of the yield at a proton energy 
above 1930 kev in a region where the cross section is nearly constant 
serves to calibrate the counter in temns of counting rate per unit 
target thickness. Che my select a region of nearly constant cross 
section either above or below the 2.2ii-lfev resonance* The region 
above the peak should give better results as the go ora trie effect is 
less pronounced than in the region bo lew the peak. 

A calculation will be mde to determine the linearity of 
neutron yield with respect to target thickness for various counter 
positions far an incident proton energy (E 0 ) of i 960 kev. This 
particular value is selected not only became tbs cross section will 
be nearly constant for all possible E values within targets of thick- 
ness 0 to 30 kev, but also because equation (8f) will apply through- 
out since Ej> Ej, for all possible E values within the target* 



(8f) 




E> El 
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and since cr- is nearly constant* 



( 26 ) 



Nc 




Eq-AE 



As the proton energy increases, O3 approaches a limit 'which is 
constant far a given half-angle of the counter. Thus, the counting 
rate (N c ) approaches (cr Z G3) AE • const AE. 

If, however, ue evaluate H© at E 0 ■ i960 kev. 



Ef 



(27) ?5c 



art 



/ fl “ cos ® i 


"l -S2 sin29(-£ ~) 


/ L 1 


E - Ej. J 



1/2 



Eo-AE 



, Bi *\ (. E , 1 ds 

Vu E - J 



Another form of the expression for G3 is used here (equation 
36c of Appendix A) j 



0.02 (sin ef 'v 0.25 — £ — aj 2$ 

n 2 r^ E - E? 



Therefore * 
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sin 2 © ( — ~ — )1 ** 

"2^ E “ E T J rax 



0.1 2$f hence, only two terns are 



needed in the series expansion of the brackets containing this factors 



(23) 



N„ 




coo © sin* © / °l a 3 \ \ E 






dS 



E — Ey 



Eg—aE 



+ sin 2 © 



(5s ^l/S 

■rti 




First integrals 




Second integrals 
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Third integral: 



E, 



(- 



E 



Eq-uE 



E - E X 



,1/2 

-) dE 



1/2 



dE 



(E - Ey) 1 / 2 



since 



b iA 



is 



nearly constant over the range of integration. This is readily 
integrated: 




2Z 0 1/f2 (E - Dj.) 1 ^ 



E 0 -AE 



- 2£ 0 1/ ^ [(E 0 - Ex) 1 ^ - (E 0 



Ex — AE) 




Jfeglscting all terms except the first two in the expansion of 



[<B 0 - %) “ “ ] 1/4 



ono obtains: 



E 



1/2 



(E - Ex) 1 / 2 



dS 



AE 

(1 - *x/S 0 )V 2 



Eq-AE 
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cos 0 ♦ 



cos © sin^O 
- 



(Si) 

* 2 % 



. (l - e (SJ) 1/2 ] as 

E 0 




(30) N c - 2Ll |jl - COS © * 0.01032 cos 0 sin 2 © 0*?1Q?0 sin 2 © ] AE 

* 19*33? -^n ( 78 ) cos © sin^ © 

78 - A E 

Equation (30) is evaluated for various © and various AE in 
Tables VI through VUI, the final results being displayed in Table 
VITI. Fron this table, it is seen that the counting rate per unit 
target thickness is practically constant for ary given half-angle of 
counter. The results expressed in Table VIII are plotted to give tho 
curve of Figure 2. The linearity of counting rate with respect to tar- 
get thickness for a given half-angle of the counter is displayed in 
Tables VH (A-H). 
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n. the exiwught and results 



The purpose of the experiment wass 

1. To determine the effective half-angle of the long 
counter used in this laboratory (7 • 5-inch paraffin diameter completely 
shielded with cadmium to reduce background of thornal neutrons ) as a 
function of the distance from the target. With this counter there nay 
ba a slight dependence on target thickness} it was desired to check 
this point. 

2. To apply equation (Hi) to experimental yield curves 
of targets of several known thicknesses for various counter positions 
in order to check the validity of this equation. 

A convenient method of determining tho effective ha If -angle of 
ths counter for various positions is as follows t Adjust the values 
of target thickness and counter half-angle to obtain a best fit be- 
tween the theoretical yield curve ^ (equations 12 and 13 apply) and 
the experimental curve for one relatively large half-angle of the 
counter. A calibrated counter placed successively at various distances 
from the target will give a sot of relative counting rates per unit 
target thickness. These relative counting rates, in conjunction with 
Figure 2, determino a family of possible curves of effective half- 
angle versus distance from the target. The correct curve is selected 
from this family by using the value of 9 0 ff fouTld in fitting the 
theoretical and experimental curves, as mentioned above. 
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Three lithium target® of various thicknesses were preoared by 
evaporating the metal in vacuum onto a tantalum backing rotating ec- 
centrically with the beam axis. This apparatus is mounted on the 
beam exit tube of the Rockefeller generator, making it unnecessary 
to expose the target to the atmosphere at any time. The need for 
fresh targets in correlating target thickness by the ''rise" method 
and by calibrated counter is discussed in Section VIII. 

An experimental yield curve was determined for each target 
and for each of the following distances from counter to the target: 

39 *b, 19, 11, and 7.*> inches. (The 11- and 18-inch yield curves 
were omitted on the third target because of lack of time.) 

The freqmney motor nornally used for select in 7 the desired 
proton energy was inoperative on the day allotted to this experiment. 
The standby frequency raster, which was used, had an indeterminable 
frequency drift that caused the croton energy to be in error by a 
varying amount up to 3 kev maximum. Because of this, the yield 
curves from two of the three targets were completely unreliable 
from the viewpoint of this experiment. The remaining target gave 
reasonably smooth curves, but they are not considered to be accurate 
enough for determining the effective half-angle by fitting a theo- 
retical curve. The yields obtained are tabulated in Tables I (A-D) 
and the experimental curves are presented as Figures 3, h, 5>, and 6. 
In the regions of interest, enough counts were taken so that the 
standard deviation could be neglected. 



A regulated high-voltage supply was the source of the 22^0 
volts applied to the dFj detector. (This voltage corresponds to 
the center of the plateau for that particular counter.) The count- 
ing rate -with a Ra-Be standard source on top of tho counter was 
determined at intervals over a period of throe days and never varied 
more than 2.6 percent. 

The BF 3 detector was a ^odel 3 UCE Kirk 2, Manufactured by 
Radiation Counter laboratories. The output pulses were fed through 
a preamplifier to a Model 100 amplifier, thence to a Model 1060 
isultiscaler manufactured by the Atonic Instrument Company. The 
discriminator is an integral part of the complete multiecaler unit. 

Counts were taken for an integral number of microcouloribs 
of charge on tho target. If the beam current changed appreciably 
during a run, the count was repeated. 

Background was smell enough to be neglected throughout this 
experiment . 

In an attempt, to derive from this experiment sore information 
that would be of immediate use to this laboratory, it was decided 
to proceed with the assumption that equation (lh) is valid and to 
select that particular curve from the family of possible curves of 
effective half -angle versus distance from the target which would 
produce the observed shift in peak position at the various counter 
positions. 



Since the yield is slow varying in the vicinity of 1960-kev 
proton energy, the counting rates are hardly affected hy the fre- 
quency drift experienced and ray be used for all three target*. 

In Table VIII, it is shown that the counting rata per unit target 
thicknons is independent of target thickness for the counter half- 
angles used* An average value of counting rate par unit target 
thicknosa for the throe targets is calculated, and the relative 
counting rate determined* 



TABLE I (A) 





Expnrimrtfcal Bata 

Counter at 0°, 39 »t inches from Targst 




Tar^t 


Frequency 

(’■fepncvclaa) 


Counts 


uCoulo?*a 


No. 2 


10.165 


1*8 


liO 




.U70 


5 07 


IiO 




.171 


2h38 


to 




•U73 


5566 


to 




.U76 


7lt87 


to 




• hl9 


3923 


to 




.1* 82 


lOOOli 


to 




Am 


10967 


to 




•U87 


22508 


80 




•t89 


22h28 


80 




.1*91 


21181 


80 




•h& 


19523 


80 




moo 


83t9 


to 




.600 


9382 


160 


No. 1 


10.680 


61*31 


80 


No. 3 


10.680 


21*297 


80 



-h 7- 

TABUBI(B) 

Experinental Bata 

Gaunter at (P t 18 inches frcn Target 
Frequency 



Target 


(Mo recycles) 


Coimta 


uOouloHb 


No. 2 


10.1*73 


206 


1*0 




.am 


1.017 


hO 




.1*82 


9937 


hO 




•h% 


20669 


hO 




•b86 


263h5 


hO 




.1*88 


33213 


ho 




.1*90 


391*50 


ho 




»b?2 


1183k 


hO 




«!i9U 


h 3h71 


ho 




.1*9-6 


hh3 00 


hO 




.1*98 


15990 


ho 




*5oo 


1x5287 


hO 




*5 02 


kl *162 


hO 




*£L0 


3h790 


ho 




.630 


1753k 


SO 


No* 1 


10.680 


25320 


80 


No. 3 


10.630 


ni 





4 + 



— b8— 

TABIE I (C) 

Experimental Data 

Cmmter at 0°, 11 Inches fron Target 

Frcqnencj 



Target 


Ofepncyclcs) 


Cotmts 


uCoulombs 


No. 2 


10.h?8 


586 


20 




o 

CD 

• 


3861 * 


20 




.U83 


lb5o6 


20 




.1*35 


22813 


20 




•U89 


36572 


20 




.U93 


bit 621 


20 




.U?6 


b8686 


20 




.1*98 


53171 


20 




.500 


52869 


20 




.502 


52078 


20 




.506 


18899 


20 




.680 


I1O968 


80 


No. 1 


10.680 


0*856 


80 



No. 3 



10.680 



TABIE I (D) 



Targat 

no. 2 



Wo. 1 



Experimental Oata 

Count or at 0°, 7*5 inches from Target 



Frequency 

(WsjTseyclas) 


Counts 


i (Coulombs 


10.1*355 


261*1* 


20 


.1*88 


Hj370 


20 


. 1*91 


29869 


20 


» h 9 h 


1*7787 


20 


.? 497 


62822 


20 


.1*99 


68222* 


20 


.501 


72367 


20 


.503 


81286 


20 


.505 


86557 


20 


.507 


85522 


20 


.509 


81*755 


20 


.511 


82615 


20 


.515 


73769 


20 


.680 


33912 


1*0 


10.630 


1*9807 


1*0 


10.680 


1*391*9 


10 



No. 3 



Neutron Counts /Microcoulomb x(4xl0’ 2 ) 




Frequency (Megacycles) 



Figure 3 

Neutron Yield from Li 7 (p,n) Be 7 

Torget Thickness 6.44 Kev 

Distance from Torget to Counter s 39.4 inches 
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Figure 4 

Neutron Yield from Li 7 (p,n) Be 7 

Torget Thickness 6.44 Kev 

Distonce from Torget to Counter = 18.0 inches 




SU 1 I 1 

10.470 10480 10.490 IQ500 10.510 10.520 



Frequency (Megacycles) 



Figure 5 

Neutron Yield from Li 7 (p,n)Be 7 

Target Thickness 6.44 Kev 

Distonce from Target to Counter 5 1 1.0 inches 



Neutron Counts /Microcoulomb x(2xlO 







Frequency (Megocycles) 



Figure 6 

Neutron Yield from Li 7 (p,n)Be 7 

Target Thickness 6.44 Kev 

Distance from Torget to Counter =75 inches 



Distance 

fron 

Target 


Counts per 
Target 1 


80 liCouloofcs at 1953-kev Proton Enorgy 
Target 2 Target 3 


39*b M 


61,31 


U691 


2U297 


18.0 


29320 


1753b 


- 


11.0 


6h m 


1:0968 


- 


7.? 


9961b 


6782b 


351592 



Since the counting rate per unit target thickness diould be 
constant at a ry given distance fron the target, the number unity 
is arbitrarily assigned to the values obtaining at 39*b inches and 
the ratios calculated with reference to it. 



Distance Relative Counting Rates per Unit Target Thickness 



fron 

Target 


Target 1 


. Target 2 


Target 3 


Average 


39.b" 


1 


1 


1 


1 


18.0 


3.9b 


3.7b 


- 


3.8b 


11.0 


10.08 


8.73 


- 


9.bl 


7.5 


I5.b9 


lb*b6 


Ib.b7 


lb. 81 



These average relative counting rates are raintalncd but are 
normalised to fit the curve of Figure 2 so that the effective half- 
angle has in succession the values 3°, b°, and at 39 *b inches 
fron the target. 




. 



Counter 

Distance 


Aver. 

Ratios 


Ratio 


cP 

9 eff 


Ratio 


a °eff 


_ R*tin ... 


e °off 


39.1*" 


1 


.361 


3.0 


.63 


L .0 


1 


5 


18.0 


3.81* 


1.336 


5.8 


2.1:2 


7.7 


3.81* 


9.8 


11.0 


9.1*1 


3.397 


9.2 


5.93 


12.2 


9«1* 1 


15.5 


7.5 


31*. 81 


5.31*6 


11.6 


9.33 


15.1* 


11*. 81 


19.6 



From the so values are drarm the three carves of the family of 
carves of effective half-angle versus distance from the target (Fig- 
ure 7)« 

The difference between the peak and threshold positions in 
kilocycles is taken directly from the yield curves. These frequency 
differences (AF) are converted into proton energy differences by 
the relation* 

(31) (Ep-RjOkev « j- AF 

where wl/ £ F * 0.3575 kev/kc. for AF in kilocycles and a proton 
energy of 1932 kov. Target thickness is taken as the value of the 
proton energy difference between the peak and threshold (Ep - 
with the counter at 39.1* inches in accordance with equation (Hi), 
sinco the correction term (K) is negligible in this case. Entering 
Fi-ure 1 with the value of tar got thiclaiess (A E ■ 6.1*1* kev), one ob- 
tains a value of © e ff for each value of Ep - E<p. The results follow* 















hi Ai 


-nnrwr 


1 




. 


. 


M 


IV* 


1 


• . c 


. 


. 


. 




A JT 
• 


. 


• 


uu 






. 


v. 




. 


x 




. 


rtUi 


. 


. 


* 


1 . 


■•. ■ 


-.r 




V wrv« 




i »J AVI 


I V 






•ml* 


>«rV 


. 




V — Ii 4# 


if-i V tWl 




V 0HM 



>n m 



U «»> 




-56- 



Distance 



from 

Target 


AF(kc) 


E p -E T 


9 cff 


39 •U H 


18 


6 .hit » as 


«•% 


18.0 


18 




- 


11.0 


19 


6.30 


Hi 0 


7.5 


20 


7.15 


18° 


The values. 


®eff " ^°i 


, 18° are plotted on the family of 


curves in Figure 7< 


> Tiie most 


probable curve is nos drawn through 


these two points, giving the best value of the effective half-angle 


of this particular counter for any counter position between 7*5 and 


39 *U inches. This 


curve my be extrapolated to 


some extent in 


either direction. 








The following table may be of assistance 


in applying the 


above results to a 


long counter ■with paraffin diameter slightly 


different from the 


7.5-inch diameter used in this laboratory. 




Tan 0 


0 




Distance (d) 


» 3.75/d 


(Actual) 


%ff 


39 .U" 


.09525 


5«U3° 


U.6° 


10.0 


.20833 


11.77° 


9.0° 


11.0 


.3h09l 


18.020 


lfo»0° 


7.5 


.50000 


26.57° 


18.0° 



X. APPLICATION CF EQUATION (lb) 



The determination of target thickness, as giver* by equation 
(Hi), consists of four steps i 

A. Determination of the effective half-angle of the 
counter. This value may be taken directly from Figure 7 -when using 
the lory: counter employed in this laboratory. 

B. Do termination of the reaction threshold by either 

1. Extrapolating the lower linear portion of the 
curve to the axirsj or 

2. A supplementary experiment using a target of 
about 20-kev thickness and an effective half-angle of about h de- 
crees after the method described in Section VII. This method is 
useful only if the proton energy is very closely controlled and 
measured so that measurements of the threshold value may be dupli- 
cated within very narrow limits. 

C. Measurement of the energy difference between peak 
and threshold (Ep - Et) directly from the experimental yield curve. 

D. Enter Figure 1 with the appropriate values of <5^ff 
and Ep - Et to get target thickness directly. For andoergic reac- 
tions other than the IA(p,n)Be^ reaction, target thickness must be 
calculated by equation (lit). 

One may also use Figures 1 and 7 for selecting a suitable 
counter position, assuming that a rough estimate of target thickness 
is available, either from past measurements of thickness or by visual 



Inspection. In this connection, the lower dashed portions of the 
curves in Figure 1 should be avoided, as the peak position is not 
very sensitive to target thickness in these regions. 
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XI. CONCLUSIONS AMD REC (ME NDATI ONS 

As a result of this study, it is concluded that the most 
accurate value of target thickness sill be obtained by fitting a 
theoretical yield curve to the experimentally determined curve as 
described by Bonner and Butler^ and discussed herein. However, the 
nethod described in this thesis should give very good approximations 
of target thickness with but little effort from tho very manner in 
which the effective half-angle of the counter has been assigned. 

The ability to measure the target thickness by the rlso method for 
various counter positions is certainly an advantage as higher count- 
ing rates can be obtained with the use of a loser beam current) 
hence, the effects of ageing of the target while measuring the 
thickness will be decreased. This could be important when using 
thin targets, as they are subject to considerable thickening after 
only a few hours of toe (Hinchey, Brest on, and S tils on, unpublished 
data). 

The informtian presented in Section VII dealing with proton 
energy resolution leads to the conclusion that this nethod cannot 
be expected to give nearly so good results for thicknesses of less 
than two kilovolts as would be expected for the range from two to 
twenty kilovolts. 

To extend the results presented in this tho sis, tho follow- 
ing recomendations are radet 



A* Perform the experiment outlined in Section IX 

in order to: 

1. Obtain a more accurate value of effective coun- 
ter half-angle if possible. 

2. Determine whether the effective half-angle 
varies with target thickness. Any such dependence should be small 
and could be presented as a family of curves similar to the curve 

of effective half-angle versus distance of the counter from the tar- 
get (Figure 1). 

3* Check the accuracy of the results presented 
herein for various counter positions and target thicknesses# 

B. Perform a series of experiments to determine the 
difference between the actual threshold and the apparent threshold 
as determined by a linear extrapolation to the axis* This informa- 
tion would be particularly helpful when using very thin targets 
(less than 2 kev). 

C. Deternine the optimum dimensions and properties of 
a counter to be used specifically for measuring target thickness. 

In this connection, consider the fact that the counter will be used 
for endoorgic reactions other than the Id7(p,n)D8’*’ reaction. 

D. Mate calculations for the T^(p,n)He^ reaction similar 
to those presented here for the Id?(p,n)Be? reaction, inasmuch as 
tritium targets are commonly used in this laboratory as a neutron 
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APPKNDIX A 
DERIVATION 0? 0 

In deriving the expressions for the fraction 0 of neutrons 
from an elemental thickness of target which enters tho counter. 
Figure 8 applies throughout. The basic assumption is that the 
neutrons are emitted isotropically in the centor-of-ncss system. 
Sphere A represents the locus of neutron velocity vectors (V n ) 
in the conter-of-mass system. Tho velocity of the center of mass 
(V cffl )is then added to each point of sphere A to obtain sphero B 
which is then the locus of neutron velocity vectors in tho labora- 
tory system. The counter subtends a solid angle at the targot in 
tho form of a cone, tho half-angle (half of tho apex angle) of 
which is designated by 9. If sphere B lies entirely within this 
cons, then all of the neutrons will strike the counter. If the 
velocity of the center of mss is less than tho neutron velocity 
in tho centor-of-mss system, then neutrons from an area Ajj on tho 
sphere B will strifes the counter. For the situation intermediate 
between those two, there will bo a high-energy group of neutrons 
from am Ay and a lower-energy group from area Aj, intercepted by 
tho counter. Tho number of neutrons in the groups has the same 
ratio to the total nunfcer of neutrons as the area in question 
boars to the total area of tho sphere. 
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The following summary is given to olarify the three 
situations: 

E * proton energy (instantaneous) 

E 0 * proton energy (incident upon the target) 
By » proton energy (threshold) 

Eq ■ proton energy (y * 0) 

= proton energy (y « tr/2j V n « ''"cm) 

0 * fraction of neutrons entering the counter. 



2— £ X 

By < F. < E c y < 0 

G 2 E c < 2 < E l 0 < y < r/2 

O3 Ej, < E y - tr 



Benarte 

All neutrons strike counter 

Two groups 

One group 



V n • neutron velocity in center-of-nass system 
v cm * velocity of center of mss 

“ area on surface of sphere B through which 
pass the high- and low-energy groups of 
neutrons respectively, which are intercepted 
by the counter* 
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Isa. 



v, 



Zi- 



nin (tt-0) oin 9 



or 



iS3_ „ JjL. 



sin 0 oin 9 



Therefore 



sin 0 ** — SSL oin © 
v n 



cos 0 



[l- (-J* 
L V n 



cia .) 2 sin" 9 7 ^ 



1 



Area* Ajj £ » 2v V n 2 (1 - cos V r) 

C 03 n/r 

m cos (0 + 9) - cos 0 cos 0 - sin 0 sin © 



• cos 



© fl - I ' JL s z f sin 2 « 7 1J>2 ~ -~£3 sin 2 © 
L V n J v n 



co3 r ^ • cos (0 - ©) * coa 0 cos © + sin 0 sin © 

- cos e [l - <-^) 2 Sin 2 8 1 1/2 ♦ 3SW 8 

L v n * v n 



_ a H » $ A I, { ^ - 1 for V cm > V n 

G * “ ■whore ( - 

( a « 0 for V cn < v n 



A snhere 



Therefore 
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G • 1/2 |l - coa © J^l - (. 



-SS-)' sin 2 9 



“n 



i 



1/2 



■cm 



sin 2 © 



•n 



} 



* 1/2 




ZsE-ain 2 © 

Vn 



(32a) 

(32b) 

(32c) 

«hen V n • V CE , Gg » O3 * sin 2 ©. 

let • projectile particle rasa 
»2 " target particle aass 

0 resultant particle «oss 
* product nucleus rass 

Q » Q-velvse of reaction (negative for endoergic reactions) 
- projectile particle velocity in laboratory system. 



G«Gn»l £ cr E < E e 



C V 2 \ ' 

0 - G 2 - 1 - coa © 1 - <_£S— ) siif © for * c < E < E L 

L v n 3 

G * G 3 - 1/2 |l - cos © - (-—-—> sin 2 © j ^ 



+ — C : i. ain 2 © f . . . 



'n 



} 



for E > E l 



l«M«t »v - • 

•«*, j ra , 

^ • • I «S, • *| • i • • 

«W. -i'l • mr~ t k jl»» ««tl 

,«.« . . . } ' jj 



- 66 - 



nri (2 etE) 

( 33 ) V cm - — V X - — 

* 1**2 ^ +b 2 



1/2 



<*) 



V n - | 



f 2 ^ 2 *!-. 


r 4 < m ! * r - ) 1 




L e * ^ % 



«1 + a» 

Ptrt — — - 1 Q * - Ex 

«2 



0>) V; 



” ' { ^)2 (* ' E t)} 



1/S 



" const 





gqraj , ' a 

*2*^ E - % 



Renca, 

(36a) 

(36b) 

( 36 c) 



tho expressions for 0^2,3 ^ be Witten* 



1 1 - cos $ 


Tx .2123 


sin 2 0 1 


l 


L ”21 


(E - ? T ) J 


J I-J2 


_1_ 1 


1/2 ) 


* L-a% 


(E — Efj») J 


r * 



1/2 

(reference 1) 
(E - Ej.) 1 / 2 
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If E c Is defined as the proton energy at uhich the solid 
angle of the neutron con? is equal to the solid angle subtended 



at the tarrjot by the counter (i.e., y " © at E « E c ), then* 



sin © 




sin 





®1®3 




Ein 



) 



Enr> 



(37) 



s. 



1-222 sln 2 © 

Vh 



E c values are calculated for various © (for the Li(p,n) 
reaction only) in Table H, Appendix B, and presented as a curve 
in Figure 9* 



(38) let k * (1 - 222 eln 2 e ) 1 /?5 ros # e (El) 1 ^ cos© 

02*1, E c 



(39) and b ■ (222)*/ 2 sin 2 © 
*2% 



The eqvAtlcns for CU ^ % beconet 
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*' 0 *> *1 



It lift (Ml 














(ha*) 



0 1 - 1 E < E 0 

(hob) 0 2 - 1 - k( K — j £) 1//2 Ec < E <El 

(Loc) 0 3 » 1/2 fl - k( S l3-) l/2 ♦ b(— 5 Ml . E >E l 

L E - Ey g - 'Ey j 

T.hcre E^ is civen by evaluating E 0 at 0 » r/2 In equation (37) 
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APPENDIX B 

COMPUTATIONS RELATIVE TO THE Ij7(p,n)Be7 REACTION 

The following values will be used in connection with the 
IA^(p*n)Be7 reaction* 



Ey 


«• 


1.882 Itov 




Q 


m 


-1.6U56 Mbv 


*1 


m 


n(p) 


1.007593 




m 


n(U 7 ) - 


7.01659 


a 3 


m 


ra(n) • 


1.008982 




- 


a(Be 7 ) «* 


7.01697 



The threshold and Q-values are those determined by Herb, 

12 

Snowden, and Sala , while the nuclear mass values are from a com- 
pilation used in this laboratory (from numerous sources). 



*1 ♦ «2 


- 8.021*183 


“l ®3 


• 1.0l66b32 


“2 % 


» 1*9.235202 




- 0.02061*87 


*2 *1 





1 • -±_£ 
®2 % 



0.9793513 



-70- 



(1,2) E t “ 






! .Si 

nzT, 



* 1921.68 fcsv ■ E x ♦ 39.68 kBV. 






(h3) B e « £ 



1882 



knv. 



1 . . 22 . ein 2 © 1 - 0.02061*87 sin 2 e 

”2=1* 



Equation (1 a 3) la used for computing Eg (Table IX) for effec- 
tive half-angles of the counter tip to 30 degrees, and the results 
are given as the curve of Figure 9. 

Valuos of k for various half-angles of the counter are cal- 
culated from tho relation (equation 33)* 

k * (1 - !!22 sin e) 3 /' cos Q *> ( )^ cos 

*S>*h E e 

These k values are given in Table III for later tee in other compu- 
tations . 

In Table IV is the eoapmted value of 

l*(Bc - &r) 
k 2 ♦ lA 2 - 2 

used in Section VI for determining the region of the geometric 
peak. 
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Tables V (A-G) includes the calculations for the correction 
ten* X and target thickness AE for various values of the proton 
energy difference between the geometric peak and threshold (ip - Ey) 
according to equation (Hi): 

(lli) AX - Ep - % - K 

whew X ■ [(E p - Ey ) l/2 - k(Ep - E c ) l/2 j 2 

Curves of AE versus (Bp - By) for values of ©gff from U to 
28 degrees are constructed from the results of Table V and presented 
as Figure 1. 
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TABL. II 

Evaluation of Be for various effective half-angles of the counter 

(Equations 37 and 1*3) 





sin^ © 


.02061*87 

sin2 © 


EtAc 


E e (tev) 


2 


.001218 


.000025 


.999975 


1882.01*7 


3 


.002739 


.000057 


.99991*3 


1882.107 


U 


.Od*866 


.000100 


.999900 


1882.188 


5 


.007597 


.000357 


.99981*3 


1882.295 


6 


.010927 


.000226 


.999771* 


1882.1*25 


7 


.031*852 


.000307 


.999693 


1882.577 


8 


.019368 


.0001*00 


.999600 


1882.753 


9 


. 021 * 1*70 


.000505 


.9991*95 


1882.950 


10 


.030151* 


.000623 


.999377 
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.01*3227 


.000893 


.999107 


1883.682 
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.050603 


. 00101*5 


.998955 


1883.968 


3i* 


.05853 


.001209 


.998791 


1881i.278 
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.07598 


.001569 


.9981*31 


1881* .957 
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.0951*9 


.001972 


.993028 


1885.718 


20 


.11698 


.0021*35 


.997585 
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.11*033 


.002893 


.997102 


1887.1*69 


2k 


.1651*1* 


.0031*16 


.996581* 


1888.1*50 


26 


.19217 


.003968 


.996032 


1889.1*9? 


28 


.22d*0 


.ocb55i 


.99514*9 


1890.601* 


30 


.25000 


.005162 


.99 1*833 


1891.765 
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7ABIE III 



revaluation of k 





(*7 Ac) 


. 01*7 


.99998 


.107 


.99991* 


.188 


.99990 


.295 


.99981* 


.1*25 


.99977 


.577 


.99969 


•193 


.99960 


•99 0 
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1.173 


.99938 


1.1*16 


.99925 
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1.968 


.99396 


2.278 


.99879 


2.957 
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5.1*69 


.99720 
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Riven by Equation 

PtAc ) 1/2 
•99999 

•9999 7 
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•999 88 
.99981* 
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.99301 
.99772 
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TABLE IV 

Evaluation of R « h(Z c -&r)/(1i? *1/^-2) (Section VI) 
Notes k and (E<j - F/p) aro evaluated in Table III 



l/£ (k^+lA?~2) 



2 


.99876 


1.00121* 


0 


3 


.99720 


1.00281 


.00001 


u 


.99503 


1.0&t995 


.000025 


5 


•99221s 


1.00782 


.00005 


6 


.98881* 


1.01129 


.00013 


7 


•931*81* 


1.01539 


.00023 


8 


•98021* 


1.02016 


.OQdiO 


9 


•97501* 


1.02560 


.00061; 


10 


.96925 


1.03173 


• 00098 


11 


•96287 


1.03856 


.0011*3 


12 


.95592 


1.(54611 


.00203 


13 


.91*81*1 


1.051*1*0 


.00281 


li* 


.91*033 


1.0631*6 


.00379 


1 6 


•92257 


1.08393 


.00650 


18 


•90273 


1.10775 


.0104*8 


20 


.88089 


1.13522 


.01611 


22 


.85718 


1.16662 


.02380 


21* 


.83172 


1.20233 


.031*05 


26 


.801*62 


1.21*282 


.Qi*7i*ii 


28 


.77605 


1.28858 


.061*63 


30 


.71*613 


1.31*025 


.08638 



l/b(k-+l/fc?-2) 




R 


0 


0.01*7 




.0000025 


0.107 


1*2800 


.000005 


0.188 


37600 


.000015 


0.295 


19667 


.000033 


0.1*25 


12878 


.000058 


0.577 


991*3 


.000100 


0.753 


7530 


.000160 


0.950 


5937 


.00021*5 


1.173 


1*788 


.000358 


1.1*16 


3955 


.000508 


1.682 


3311 


.000703 


1.968 


2799 


. 00091*8 


2.278 


21*02 


.001625 


2.957 


1819 


.002620 


3.718 


11*19 


.001*028 


U.556 


1131 


.005950 


5.1*69 


919 


.008513 


6.l*5o 


757 


.011860 


7.1*97 


632 


.016158 


3.6(2* 


532 


.021595 


9.765 


1*52 
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TABIB V(A-O) 

Evaluation of the correction term K and target thickness A E in Equation Hi 
for an effective counter half-angle of 1-28 degrees 



^eff 


(E p -E T ) 


1 

(Ep-E T )? 


(Ep— Sc) 


1 

(Ep-E c 


1 

k(ErjrEc 


1 

K 2 


K 


AE 


U 


2 


1.UU21 


1.812 


1.3li6l7 


1.3li282 


.07139 


.005 


2 




li 


2.00000 


3.812 


1.95215 


1.9U759 


.05211 


.003 


b 




8 


2.828ii3 


7.812 


2.79500 


2.7880b 


.Gli039 


.002 


8 




12 


3.U6l»10 


11.812 


3.U3685 


3.h2329 


.03581 


.001 


12 




16 


li. ooooo 


15.812 


3.976l»h 


3.96651 


.033l t 6 


.001 


16 




20 


li.li7211i 


19.812 


Ii.li5l08 


b.bbOOO 


.0321b 


.001 


20 


8 


2 


l.lilli21 


1.2U7 


I.II669 


1.10560 


.30861 


.095 


1.9 
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2.00000 


3.2U7 


1.80193 


1.781i0li 


.21596 


.0b7 
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2.82813 


7.2U7 


2.6920b 


2.66531 


.16312 


.027 
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12 


3.1i6iilO 


11.2li7 


3.35365 


3.32035 


.lb375 


.021 


12 
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li .00000 


15.21j7 


3.90U77 


3.86600 


.13b00 


.018 


16 
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h.li72lii 


19.217 


li. 38712 


U*3it356 


.12858 


.017 


20 


12 


2 


l.blbfl 
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.56392 


.55135 


.86286 


•7b5 


1.3 
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1.522li9 


1.1-8855 


.5llb5 
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2.828li3 
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2.51355 


2.1i5752 
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3.1i6UlO 
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3.6995b 
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19.9 
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TABIS V(A-G) 
(Continued) 











1 


1 








°eff 


(Ep-CT) 


(E p -St) ? 


(Ep-E c ) 


(Ep-E c ) ? 


k(Ep-Sc)2 


$ 


K 


AS 


16 


h 


2.00000 


1.01*3 


1.02127 


0.98093 


1.01907 


1.039 


3.0 




8 


2.828143 


£•01*3 


2.2U569 


2.15699 


.6731*1* 


.1*51 


7.5 




12 


3.1*61*10 


9.01*3 


3.00717 


2.08839 


.57571 


.331 


U.7 




16 


h, 00000 


33.01*3 


3.611531* 


3.U68S6 


.53121* 


.282 


15*7 




20 


u.U72iii 


17.01*3 


1*. 32832 


3.96525 


.50689 


.257 


19.7 


20 


5 


2.23607 


O.U 4 I 4 


.66633 


.62538 


1.61069 


2.59U 


2.1* 




8 


2.8281*3 


3.U*i* 


1.85580 


1.71*176 


I.O8667 


1.181 


6.8 




12 


3.161*10 


7 .1*1*1* 


2.728 36 


2.56070 


.9031*0 


.826 


3-1.2 




16 


k.ooooo 


U.lil*l* 


3.38289 


3.17501 


.821*99 


.681 


15.3 




20 


1* .1*7211* 


35.1*1*1* 


3.92981* 


3.68835 


.78379 


.631* 


19.1* 


21* 


8 


2. 82 81*3 


1.550 


1.21*1*95 


1.13538 


1.69305 


2.867 


5.1 




12 


3.1*61*10 


5.550 


2.35581* 


2.31*850 


1.31560 


1.731 


10.3 




16 


U.00000 


9.550 


3.09033 


2.81835 


1.18165 


1.396 


11* .6 




20 


l*.l*721i* 


33.550 


3.68285 


3.35872 


1.1131*2 


1.21*0 


18.8 


28 


10 


3.16278 


1.396 


1.18152 


1.0l»085 


2.12193 


li-503 


5.5 




12 


3.1*61*10 


3.396 


1.81*282 


1.623U 


1.81*069 


3.388 
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16 


1*. 00000 


7.396 


2.71956 


2.39577 


1.601*23 


2.571* 


13.1* 
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1* .1*7221* 
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2.21*5 
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TABIE VI (A) 

Evaluation of term included in equation 30 



©_ 


Cos © 


Sin 2 © 


Cos © 
Sin 2 © 


.0103 
Cop © 
Sin 2 9 


.71850 
Sin 2 © 


19.385 
Cos © 
Sin 2 © 


3 


.99863 


.00271* 


.0027li 


.00003 


.00197 


.05311 


5 


.99619 


.00760 


.00757 


.00008 


.0051*6 


. 11*671* 


7 


.9925? 


.OIL 85 


.011*71* 


.00015 


.01099 


.28573 


10 


•981*81 


.03035 


.02969 


.00031 


.02199 


.57551* 


13 


•97U37 


.05060 


.01*930 


.00051 


.03636 


*95568 


16 


•96126 


.07598 


.0730U 


.00075 


.051*59 


1.1*1588 


20 


.93969 


.U698 


.10992 


.00113 


.08105 


2*13080 


21* 


.91355 


.1651*3 


.15113 
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TABIE VI (B) 
in 78 » U. 35671 



! (kev) 


■£n(78 - AE) Q n 78 


^n(78 ~AE) 


1 




b.3b381 


.01290 


2 




U. 33073 


.02598 


h 




U.301.07 


.05261: 


8 




U.21:850 


.10821 


12 




U. 18965 


.16706 


16 




li. 12713 


.22958 


20 




U.060Uh 


.29627 


21 




3.98898 


.36773 


28 




3.91202 


. 1 : 1 : 1:69 


32 




3 .8286ij 


.52807 






TAB IE VI (C) 






o 

£_ 


f2/cr 2)Hri 






3 


.00337 AE ♦ 0.05311 [ in 


78 -Ai(78 - AE)| 






.00935 AS ♦ 0.1U67U 


tl 




7 


.01859 AE ♦ 0.28573 


W 




10 


.037h9 AS + 0.57551 


ft 




13 


.06250 AE + 0.95568 


ft 




16 


.091:08 AE ♦ 1.1:1588 


ft 




20 


.11:51:9 AE ♦ 2.13080 


ft 




21* 


.20687 AE + 2.92996 


ft 



Evaluation of term appearing in equation 30 
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TABLE VII (A) 

Evaluation of equation 30 for a counter ha If -angle of 3 degrees 



AS 


.00337 A£ 


.0*311 ^n(78A8-AE) 


(2/cr Z)H ( 


; N C 


(2/cr Z)N C /AE 


1 


.00337 


.OOO69 


.coto6 


1.000 


.002*06 


2 


.CG67U 


.00138 


.00312 


2.000 


»002*06 


h 


.013U8 


.00280 


.01628 


h.001 


.002*07 


8 


.02696 


.00575 


.03271 


8.057 


.001*09 


12 


•OiiOiili 


.00373 


.01*917 


12.111 


.002*10 


16 


.05392 


.01219 


.06611 


16.283 


.00103 


20 


.067U0 


.01573 


.09313 


20.2*75 


.00106 


2U 


.09088 


.01953 


.loom 


2li.732 


.002*18 


28 


.09U36 


.02362 


.11798 


29.059 


. 002*21 


30 


.10782* 
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TABUS VII (B) 



E-valuation of equation 30 for 



,00935ae 


.UU 67 U A(78/78-^E) 


.00935 


.00189 


.013?0 


.00381 


.037U0 


.00772 


.071*80 


.02588 


.11220 


.02151 


.1U960 


.03369 


.13700 


.0b3U? 


. 22 I 4 UO 


.05396 


.26180 


.06525 


.29920 


.07719 



t counter half-angle of 5 degrees 


(g/o-Z)N c 


AJS L 


(2/<rZ)Nc/iE 


.01121* 


1.0000 


.01121* 


.02251 


2.003 


.01126 


•Ct5l2 


U.oii* 


.01123 


.09068 


S .068 


.01131* 


.13671 


12.163 


.01139 


.18329 


16.307 


.0112*6 


.23Cfc? 


20 . 50 U 


.01152 


.27336 


2h. 765 


.01360 


.32705 


29.097 


.01163 


.37669 


33.533 


.01177 
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TABLB VII (C) 

Evaluation of equation 30 for a counter half-angle of 7 degrees 







12/c:2)?fc 


Kc«i 


(2/e-?,)Kr/t£ 


1 


.01859 


.00369 


.02228 


1.0000 


.02228 


2 


.03718 


. 007U2 


.OU 16 O 


2.002 


.02230 


h 


.07^36 


.0350U 


.089h0 


U.013 


.02235 


8 


•Hi 872 


.03092 


.1796b 


8.063 


•022b7 


12 


.22303 


*0b773 


.27031 


12.155 


.02257 


16 


.297114 


.06560 


.3630b 


16.29U 


.02269 


20 


.37180 


•0SU65 


.h56b5 


20.U87 


.02282 


2U 


•Iib6l6 


.10507 


.55123 


2b.7l«l 


.02298 


28 


.52052 


.12706 


•6b758 


29.066 


.02313 


32 


.59U8S 


.15089 


•7b577 


33.U73 


.02331 
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TAB IE VII (D) 

Evaluation of equation 30’ for a counter half-angle of 10 degrees 



AE 


.0371*9 AE 


.5755U Am/n+m) 


1 


•037U9 


. 007h2 


2 


.0?i*98 


•0UU9^ 


1* 


.12*996 


.03030 


8 


.29992 


.06228 


12 


.1*1*938 


.09615 


16 


.59981* 


.13213 


20 


.71*980 


.17052 


21* 


.89976 


.2116U 


28 


1.01*972 


.25591* 


32 


1.19968 


.30393 



C2/°-z).Ma 




(2/tr Z)N C /AE 


.01*1*91 


1.0000 


.01*1*91 


.08993 


2.002 


.01*1*97 


♦18026 


li.OlI* 


.01*507 


.36220 


8.065 


.01*528 


.51603 


12.158 


.01*550 


.73197 


16.299 


.01*575 


.92032 


20.1*93 


.01*602 


1.1111*0 


2i*.7i*7 


.01*631 


1.30566 


29.073 


•01*663 


1.50361 


33 *U8l 


.01*699 
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TABIE VII (S) 

Evaluation of equation 30 for a comter half-angle of 13 degrees 



AE 


i)6250 &E 


.95568 /n(78/78-AE) 


12/crZ !)&, 


Me 


(2/o-Z)N c /iE 


1 


.06250 


.01233 


.07183 


1.0000 


.071*83 


2 


.12500 


.02183 


.11*983 


2.002 


.07192 


1 


.25000 


.05031 


.30031 


i*.013 


.07508 
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.50000 


.10311 


.6031*1 


8.061* 


.07513 


12 


•75000 


.15?66 


.90966 


12.156 


.07581 


16 


1.00000 


.21911 


1 .21911 


16.296 


.07621 


20 


1.25000 


.28311 


1.53311* 


20.188 


.07666 


21 


1.50000 


•35U3 


1.8511*3 


21*. 71*2 


.07711 


28 


1.75000 


.121*93 


2.171*93 


29.066 


.07768 
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33.1*71 
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TABLE Vn (F) 



Evaluation of equation 30 for a counter half-angle of 



AS 



1 

2 

k 

8 

12 

16 

20 

2k 

28 



09 k 08 AS 


l.kl583 &(78/78-AB) 


(2/crZ)N c 


N c <* 


.09k08 


.01326 


.1123k 


1.0000 


.18816 


.03678 


.22k9k 


2.002 


.37632 


.07k53 


.k5085 


k.013 


.7526k 


.15321 


.90585 


8.063 


1.12896 


.2365k 


1.36550 


12.156 


1.50528 


.32506 


1.8303k 


16.293 


1.88160 


•kl9k8 


2.30108 


2O.k03 


2.25792 


.52066 


2.77058 


2k. 73k 


2.63k2k 


.62963 


3.26387 


29.053 


3.01056 


.7k769 


2.7582k 


33.k5k 



16 degrees 

( 2/trZ)N fi /AE 

.1123k 

.112k7 

.11271 

.11323 

.11379 

.llk39 

.11505 

.11577 

.11657 

.1171*5 
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TABIE VII (0) 



Evaluation of equation 30 for a counter half-angle of 20 degrees 



AE 



1 

2 

h 

8 

32 

36 

20 

21 * 

28 



.31*51*9 AE 


2 . 13080 ( 78/78-AE ) 


(2/o- ZONc 




(2/o-Z)Kc/AE c 


.1I*5U9 


♦027i'9 


.17298 


1.0000 


.17298 


♦29098 


.05536 


.31.631* 


2.002 


.17317 


♦58196 


.31217 


.691*13 


h.013 


.17353 


1.16392 


.23057 


1.391*1*9 


8.062 


.171*31 


1.71*588 


.35597 


2.10185 


12.151 


.17535 


2.32781* 


.U8919 


2.81703 


16.283 


.17606 


2.9O98O 


.63129 


3.51*109 


20.h71 


.17705 


3.U9176 


.78356 


U. 27532 


21.716 


.17811* 


-1*.07372 


•pit 751* 


5.02126 


29.028 


.17933 


1*. 65568 


1.12521 


5.78089 


33.^19 


.18065 
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TABIE VII (H) 



Evaluation of equation 30 for a counter half-angle of 21 degrees 



AS .20687 AS 2,92^95 ^i(78/78-AS) 

1 .20687 .03730 

2 .11371 .07612 

1 .82713 .15123 

3 1.65196 .31701 

12 2.18211 .18917 

16 3.30992 .67265 

20 1.13710 .36801 

21 1.96183 1.07711 

28 5.79236 1.30290 

6.61991 1.51719 



(2/<rZ)N c 


Nc 


(2/o- Z)N C /AE 


.21167 


1,0000 


.21167 


.18986 


2.002 


.21193 


.98171 


1.013 


.21513 


1.97200 


8.050 


.21650 


2.97191 


12.117 


.21766 


3.98257 


16.277 


.21891 


5.00511 


20.158 


.25027 


6.0I229 


21 .696 


.25176 


7.09526 


28.999 


.25310 


8.16703 


33.380 


.25522 
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TABI£ VIII 

Theoretical relative counting rates of the long counter per unit 
target thickness at 1960-ksnr proton energy for various target thick- 
nesses and various counter positions (fresh targets only). Uonaalized 

to unity at Q • 9 degrees. 






AK \ 


3 


1 


, 7 


10 


13 


16 


20 


2 b 


1 


.361 


1 


1.982 


3.996 


6.697 


9.999 


19.390 


21.768 


2 


.361 


1 


1.930 


3.99b 


Os 

• 

ON 


9.933 


19.379 


21.792 


b 


.361 


1 


1.931 


3.996 


6.6*6 


9.992 


i9.3aa 


21.796 


8 


.361 


1 


1.9?1 


3.993 


6.69 2 


9.939 


15.371 


21.737 


12 


.360 


1 


1.932 


3.995 


6.696 


9.990 


15.377 


21*7ldt 


16 


.360 


1 


1.980 


3.992 


6.690 


9.932 


19.363 


21.720 


20 


.361 


1 


1.981 


3.999 


6.699 


9.987 


15.369 


21.729 


2b 


.360 


1 


1.981 


3.992 


6.690 


9.980 


19.397 


21.703 


28 


.360 


1 


1.980 


3.992 


6.691 


9-980 


19.39U 


21.699 


32 


.361 


1 


1.980 


3.992 


6.690 


9.979 


I9*3b8 


21.68b 
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AEPEHDIX C 

POSSIBLE SB^i' "STOSS OP CERTAIN DEFIHSD VALIAS OF THE PROTON ’MHOS 
FHICII OCCUR WHEN INTEGRATING OVER THE NEUTRON YIELD CURVE 

As the proton energy increases, it passes in succession 
through the values of Ep, E q , F.j, ♦ AE, E c + AE, and 2^ + AE in one 
of the five poesible ways listed below t 



I 


II 


HI 


IV 


V 


*r 


Ef 


Dp 


Ep 


Dp 


E c 




E c 


Ep ♦ AE 


E c 


Kip + AE 


E c 


E L 


s c 


Ep 4 aE 


B c 4 AE 


E 0 + AE 


% + AE 


e L 


e l 


e l 


H 


Ep + AE 


E c ♦ AE 


E c 4 AE 


Ej^ ♦ AE 




E L ♦ AE 


E l 4 AE 


e l 4 AE 



The inequalities represented in each sequence will toll us 
under what conditions a particular sequence is applicable. 
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Cgsg I* 



ae < H - s c> 

) or 

AE y , — Er) 



E c < E l - AS) 

) 

E C <E T ♦ AE) 



Therefore , 



Ej, — Kq + AE ^ &3 ♦ Eq — E»j* 



n 'c < 



E, ♦ Em 
( L " ). 
2 



For li(p,n), this gives E c < (Ej. ♦ 19.85 kev). 

This limitation on E c ia attained by keeping the counter ha If -angle 
less than ii5 degrees. However, there ia a more strict limitation 
upon E<j, so that vre get: 



Ec < (Er ♦ AE) for AE < ( S..1& ) 

2 

Ec < (E L - AE) for AE> (!LiIl) 

L 2 



19*85 kav. 
19*85 tev. 



Case III 



AE <E C - Ry) 

) or 

AF<E L -K C ) 



E q ^ Ey + AE ) 
F. c < E L - AE) 
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E c - % + H - E C > 2AE 




This is the case for © - Ii5°, at which an'O.e C c - E>p + 19.85 » 

E L - 19.85 kfflv. For «< h5°, Kc < (&{* + 19.85) and AE < (E c - %.). 

For © > U5°, E c > <E? ♦ 19.85) and AE < (? L - Ec). 

Casa Tilt 

AE > (E^ - Ey) * 39*7 kev for IA(p,n) reaction. 

Case IV t 



m< Z c - %) 

) or 

ae>f l -e c ) 



«* > If + AE) 

s > El - *E) 



E C "* % + AF ^ AE ♦ Ej^ • Eg 



E c > (5kJ f _El) » (Bp + 19.85 kmr). 



2 




For AS> (£Llii) - 19.85 kev, Ec > (Er + AF), and Q > 15°. 
2 




Thus, this case cannot occur for © <^h5°. 
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Case Vi 



Therefore, 



(AE< (£ l - %) 

( 

(AE > (Eo - E T ) 
(AE > (E l - E 0 ) 



39*7 kev for U(p,n) 



2AE > (E l - %) • 39.7 kev. 

AE (-L-I — ) - 19*85 kav. 

2 

This is the smallest valus of AE which ray he measured in Case V, 

and it occurs for Eg ■ (_L_t_ Jl) * F/j> ♦ 19.85 kev, which corra- 

2 

spends to © • U5°. 



Therefore, 

For © ■ U5° 

For ©< 1*5° 

where (E^ - E c ) > 19*85 kev. 
For © < 30o 
For © • 5° 



(E c - Ex) < AE < (E L - %) 
19*85 kev< AE< 39*7 kev. 

(E l -E c )<AE<(E l -Et) 
(E l - E c )< AE <39*7 kev 

30 kev AE < 39*7 kev. 
39 *U < AE <_39*7 kev. 
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Summary* 



(a) For 9 < U5° and AS < 19 #85 ksv only Cases I and II are possible. 

(b) For ©<.1*5° and 19*85 < AE< (E^ - E c ) only Case I is possible 



(c) For ©<U5° and 19*85 <C (E^ - E c )<CAE only Cases I and V are 
possible. 

(d) For 0 <30° and AE< 30 kev, only cases I and II are possible. 
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